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The Cosmic Microwave Background Radiation (CMB) is the oldest radiation in the universe. 
Studying its properties is the best way to investigate the early universe and possible theories of 
its creation. To study this radiation, we must analyze the time-ordered data (TOD) collected by a 
telescope to determine the specific signal at all points in space scanned by the telescope, while 
also sorting through light pollution from sources that are not the CMB, such as dust in our 
Galaxy. To perform this separation, we produce polychromatic (multiwavelength) maps from the 
monochromatic (broadband) TOD signal. This separation is done through computer simulations 
in Python in which we simulate data using one of three asymmetric antenna patterns, and 
through a series of linear algebra operations, create polychromatic maps that are linear 
combinations of the wavelengths of the signal. This method produces reliable reconstructions 
and determines the uncertainties of each of the linear combinations of wavelengths. Through 
this process and analysis, we have proven that it is possible to produce polychromatic maps 
from a monochromatic TOD signal. 
Abstract Polychromatic Map-Making Method Results
The Map-Making Problem
References
Simulations of polychromatic map reconstruction were done using Python, as 
well as various supplemental modules including NumPy and HEALPix. HEALPix is a 
convenient method of pixilation of a sphere that allows all pixels to cover the 
same surface area. An image of this pixelization is shown in Figure 1.
1. The simulation creates the pointing matrix A that models a scan of the sky 
using random pointing centers. A is created using one of three antenna 
patterns shown in Figures 2, 3, and 4.
2. A signal vector is generated through a linear combination of independent 
maps, producing dependent maps. The pointing matrix is then applied to the 
signal, and a noise vector is added to create the data vector d.
3. The program then solves for an estimator of the signal vector using a linear 
operator.
4. Eigenvectors and eigenvalues of the inverse noise covariance matrix are 
calculated to determine the best linear combinations of the wavelengths, as 
well as their relative uncertainties.
5. The program maps the original signal, as well as the linear combinations of 
polychromatic maps of the estimated signal, for a visual comparison.
The information collected by various telescopes can be modeled by the matrix equation:
! = # $ + &
Where the vector d represents the TOD, the pointing matrix A represents all information about 
which pixels each TOD element is sensitive to, the vector s contains all signals that one wants to 
measure, and the vector n represents noise from the telescope. To solve the map-making 
problem, we must estimate the signal s from the data d. However, this is often exceedingly 
difficult to estimate given the size and shape of A. It is even more complicated when accounting 
for polychromatic map reconstruction. In this case, s becomes a function of both pixel and 
wavelength and A becomes a function of pixel, timestep, and a wavelength dependent beam 
pattern. Thus, A is never invertible, and we must use the noise covariance matrix M to solve the 
mapmaking problem for s, such that:
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Where $̃ is the estimate of the signal s, N is the matrix of noise from the telescope, and M =
(#)*+,#)+,. In practice, M is also quite large and often nearly singular. Thus, inverting M can 
also be difficult. To avoid calculating both .+, and #+,, we use the conjugate gradient method 
and create a linear operator to take the place of M and solve for an estimated signal.
After the estimated signal is calculated, analysis on the inverse noise covariance matrix, .+,, is 
done to determine the best linear combination of wavelengths for the resulting polychromatic 
maps. The eigenvectors of .+, provide the weights for the relative wavelengths, while the 
eigenvalues provide the relative uncertainties of the linear combinations. Because we use .+,
in this calculation, the greatest eigenvalues correspond to the least uncertainty in the linear 
combinations.
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Future Work
While this research has proven that polychromatic map reconstruction from broadband TOD is reliable and possible, 
the simulations in Python can be modified to further resemble a telescope that would be used in practice. For 
example, currently the pointing matrix uses random pointing centers to scan the sky. However, this can be modified 
to instead systematically “sweep” the sky. Additionally, the computational value of using rank-3 tensors as opposed 
to matrices can be analyzed. This approach certainly has organizational value; however, it remains to be seen 
whether this will allow for quicker and more efficient programs.
Conclusions
• Polychromatic map reconstruction from monochromatic TOD is possible.
• An estimated signal calculated from linear combinations of the wavelengths produces a more accurate estimate of the 
pure signal.
• The 2D Interferometer Antenna Pattern produces the best polychromatic map reconstruction, as opposed to a Great 
Circle or 1D Interferometer Antenna Pattern.
Figure 1
Visualization of HEALPix Pixilation
Figure 2
Great Circle Antenna Pattern in 768 Pixels
Figure 3
1D Interferometer Antenna Pattern in 768 Pixels
Figure 4
2D Interferometer Antenna Pattern in 768 Pixels
All figures above are from a simulation using the 2D Interferometer Antenna Pattern with 3072 pixels, 22 wavebands, and 
random noise. The figures shown on the first row are of the simulated pure signal. The figures shown on the bottom row are of
the estimated signal the program produces. From left to right, the maps show the linear combination of wavelengths 
corresponding to the greatest uncertainty, the linear combination of wavelengths corresponding to the second least 
uncertainty, and the linear combination of wavelengths corresponding to the least uncertainty. Both the best and second-best 
reconstructions are shown because the best reconstruction is a total color map, or a map whose wavelengths all have 
approximately equivalent weights.
